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Abstract 
Through advances in medical and materials engineering research, scientists and doctors have 
realised the extensive rehabilitation potential of prosthetic bone implants for patients. This has 
stimulated further research and development upon this technological advancement, in the hope 
of improving the quality of life of patients suffering from irreversible bone injuries.  
Since the introduction of human bone implant procedures, titanium has been the dominant 
choice of material in the field, largely due to its corrosion resistant, non-toxic, and high specific 
strength properties which contribute to its superior biocompatibility over other options. In 
recent literature however, the stiffness characteristic of implant materials (governed by the 
Young’s modulus) has been identified to contribute significantly to implant biocompatibility. 
Researchers have identified that implant materials with largely dissimilar stiffness properties to 
the surrounding bone will fail to achieve comparable levels of bone regeneration, as opposed 
to those that better mimic bone stiffness. The currently adopted titanium alloys in biomedical 
prosthesis (most commonly Ti-6Al-4V) struggle to adequately exhibit similar Young’s 
modulus characteristics to cortical bone. However, certain alloying additions (i.e. chromium, 
molybdenum, niobium) have been documented to alter titanium’s microstructure to obtain 
greater proportions of the more elastic beta phase at room temperature, thereby resulting in 
lower Young’s moduli. 
The purpose of this investigation was to engineer a suitable composition of beta-stabilising 
titanium alloy, in titanium-chromium, that could more reliably mimic the elastic properties of 
cortical bone than the current Ti-6Al-4V alloys.  
Through Powder Metallurgical (PM) procedures, alloys of 8.63, 12.9, 16.1, 17, 20 and 23% 
chromium in titanium were developed and mechanically tested. The findings revealed that all 
alloys, except Ti-12.9Cr exhibited Young’s modulus values closer to that of cortical bone (30-
50GPa) than Ti-6Al-4V (110-120GPa). Among them, the optimal composition was established 
to be Ti-17Cr, with a Young’s modulus of 88GPa. The results from this investigation are 
significant as they reveal an avenue for research into beta-stabilising alloys that can further 
enhance the biocompatibility of titanium alloys in prosthesis. However, modifications can be 
made to improve the adopted methodology of alloy assessment, through the application of TEM 
technology and controlled porosity induction. Both of these recommendations aim to develop 
greater understanding of the overall biocompatibility of these alloys in the human body. 
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1.0 Introduction 
1.1 Context 
The emergence of irreversible bone injuries in patients has resulted in the demand for 
development of artificial bone elements. One of the key determiners of the bio-compatibility of 
these artificial implants is their material properties.  
Titanium and its alloys are extensively used as implant materials due to their similarities in 
mechanical and chemical properties with that of human bone. Commercially pure Ti (CP-Ti) 
and Ti–6Al–4V ELI are the most commonly used Ti-based biomaterials. However, the lack of 
similarity of these alloys to cortical bone, has made it less desirable for biomedical 
implementation. This is due to the stress shielding effect; a phenomenon where bone matter 
surrounding an implant is degraded due to uneven load distribution between the bone and 
implant material. This phenomenon has been documented in past literature as a result of 
discrepancies in Young’s modulus between the two materials. 
Beta Phase Titanium alloys have recently been discovered as a suitable alternative to the current 
technology, primarily due to their suitable bone-mimicking properties. One such alloy is 
Titanium-Chromium (Ti-Cr). However, the majority of experimentation for this alloy has been 
undertaken through casting processes with little emphasis on the effect that powder metallurgy 
may have in optimising the material properties to the desired standards.  
1.2 Aim of the Project 
This investigation aims to explore and assess the bio-compatibility of beta-phase Ti-Cr alloys, 
prepared through powder metallurgy. This is to be achieved by determining the optimal 
composition of Ti-Cr alloy that minimises its Young’s modulus and comparing this value to the 
currently implemented technology. 
1.3 Expected Outcomes 
The desired outcome of the investigation is the determination of a suitable beta-phase Ti-Cr 
alloy, that may be useful in the medical community as a solution to the problems arising from 
the current Titanium alloys being used. A key consequence may be the potential for patients to 
recover to a more active form of life, due to greater rates of bone regeneration as a result of 
more even load dispersion throughout the body subsequent to implantation. 
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1.4 Project Scope 
In order to maintain focus in adequately achieving the desired project aims, it is imperative to 
outline the aspects of experimentation that are to be considered and those that are to be 
excluded. Table 1 depicts these in-scope and out-of-scope factors. 
Table 1: Project scope. 
In-Scope Out-of-Scope 
 Assessment of microstructure using 
microscopy and correlating the information 
to elastic performance. 
 Determination of compression stress/strain 
data for Young’s modulus. 
 Density analysis confirming absence of 
porosities prior to mechanical testing. 
 Mechanical performance of porous alloys. 
 In-vitro biocompatibility of alloys. 
 Transmission electron microscopic analysis 
of microstructures. 
 Assessment of properties other than 
Young’s modulus (i.e. strength, electrical 
conductivity, corrosivity etc.) 
 Identification of intermediate phases in 
microstructure. 
 
1.5 Report Contents 
The structure of the report is summarised into the following crucial segments: 
Literature Review – provides an in-depth analysis of titanium/titanium alloy theory and 
research that has been conducted in the biomedical field to optimise its commercial use. 
Experimental Procedure – describes a step-by step outline of the adopted procedure in 
obtaining data. 
Results – portrays both raw and analytical data. Microstructural, density and mechanical 
testing results are included and interpreted with conclusions drawn. 
Discussion – further elaborates on the obtained results explaining all observations, including 
anomalous phenomena, through theory, literature and further research. Limitations and their 
associated improvement recommendations are suggested to further enhance the quality of 
results obtained for future experimentation. 
Recommendations for Future Work – endorses a set of actions that can aid to build upon the 
results of the current investigation, with a focus on the overall context of the field of research. 
Conclusions – outlines the observed outcomes of the experimentation process, relating back 
to the project aim. 
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2.0 Literature Review 
2.1 History of Titanium 
The discovery of titanium dates back to 1791 when British mineralogist, William Gregor, 
separated an oxide compound of an unknown element from ilmenite. He named the element 
menaccanite, after the location of its finding, the Manaccan Valley in Cornwall, UK. Later in 
the same year, a German Chemist by the name of Martin Heinrich Klaproth made a similar 
discovery of another unidentified oxide compound, in a sample of rutile from Hungary. He 
named the element titanium, after the titans of Greek Mythology. It was later clarified that both 
these discoveries, made by Gregor and Klaproth, were of the same elemental substance. The 
acclaim for the discovery was hence divided; Gregor being credited with the discovery of the 
element and Klaproth being credited through the scientific world’s adoption of his suggested 
name (Lutgering & Williams, 2003).       
Initial attempts at extraction of pure titanium from ilmenite and rutile were conducted through 
a chlorination process, first reducing the ore into an intermediate compound, titanium 
tetrachloride. This compound was then further reduced using sodium/magnesium, producing 
small quantities of brittle titanium metal. It was not until the 20th century, 1937-1940 in 
particular, when William Kroll developed a commercially attractive process of titanium 
extraction. This method was similar to the preliminary extraction procedures, however when 
reduction with sodium/magnesium occurred this was controlled in an inert gas atmosphere. The 
significance of this condition was that it eliminated the possibility for the titanium to react with 
oxygen or nitrogen, hence enabling more efficient production of pure titanium. The resulting 
substance displayed a porous appearance, thus being appropriately termed ‘titanium sponge’ 
(Lutgering & Williams, 2003).         
The commercialisation of titanium began predominantly after the second world war (late 1940s 
and early 1950s), with mass production of titanium sponge being undertaken in the USA, 
USSR, Japan, UK and China, with the USSR becoming the world leader in production by 1979. 
The major commercial outbreak however began after the alloying potential of titanium was 
realised. It was observed that titanium alloy variants possessed superior mechanical properties 
to those of it unalloyed counterparts, thereby resulting in a surge in research and development 
in titanium alloying mechanics. In the USA, four new alloying compounds were developed, Ti-
5Al-2.5Sn (alpha phase alloy for high temperature applications), Ti-7Al-4Mo (alpha and beta 
phase alloy for high strength applications), Ti-13V-11Cr-3Al (beta phase alloy primarily used 
in aircraft skins) and Ti-6Al-4V, an alpha and beta phase alloy which is today the most widely 
 4 
 
utilised titanium alloy in all applications. The UK also produced titanium alloys, however 
taking an alternate pathway to that of the USA by procuring materials suitable for high 
temperature aero-engine applications such as the first silicon alloyed element, Ti-4Al-4Mo-
2Sn-0.5Si (Lutgering & Williams, 2003). 
Traditional utilisation of titanium was prevalent in the aerospace industry, with most of the 
material being used for the skins of commercial and military aircraft. This however posed 
problems for companies in the industry as the demand for aircraft parts was highly dependent 
on frequently fluctuating military demands, throughout the cold war era. As a result, during 
times of low titanium demand, companies were forced to shut down. In order to foster a more 
stable market, other areas of application were sought after, with titanium and its alloys 
nowadays being present in numerous other industries. These include chemical and power 
industries, consumer goods (i.e. sporting equipment, spectacle frames, jewellery) and most 
significantly in the biomedical field (Lutgering & Williams, 2003). 
2.2 Alloying of Titanium and the Associated Alterations of its Microstructure 
The mechanical properties of commercially pure titanium (CP-Ti) and its alloys are derived 
from the characteristics of their microstructure. These characteristics manifest themselves 
within phase changes that occur during thermomechanical processing and heat treatment 
procedures. The demand for titanium application has grown to encompass a diverse range of 
fields including aerospace, construction, marine and chemical sectors, medical prosthesis etc. 
As such, these materials must be able to perform under various conditions, requiring 
manipulation of a range of different mechanical properties. Vast amounts of research and 
development have therefore been undertaken to appreciate the nature of microstructural phase 
changes in CP-Ti and its alloys (Sha & Malinov, 2009). 
2.2.1 Alpha Titanium Alloys 
2.2.1.1 Characterisation 
Alpha titanium alloys are characterised by the low temperature, allotropic form of titanium in 
hexagonal close-packed (HCP) crystal structures. The unit cell of the alpha phase is shown in 
Fig. 1. 
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Figure 1: Alpha phase hexagonal close-packed unit cell (Lutgering & Williams, 2003). 
These alloys can contain substitutional alloying elements (Al or Sn) or interstitial elements 
(oxygen, carbon, nitrogen) that are soluble in the hexagonal alpha phase. Alpha titanium alloys 
can also contain limited quantities of elements that have low solubility, such as Fe, V and Mo. 
Below the beta transus temperature, these elements precipitate out to form grain boundaries as 
beta phase where dislocations, in the alpha grains, are impeded from moving through the 
microstructure. The greater the composition of these relatively insoluble elements, the smaller 
the alpha phase grains. As dislocation movement is the governing mechanism for yield, the 
presence of beta-stabilising elements, in the composition of a titanium alloy, results in an 
elevation of the required energy to yield the material. Figure 2 shows the effects on the 
microstructure of varying compositions of iron. 
 
Figure 2: Effect on microstructure of varying compositions of iron. a) 0.15% Fe b) 0.03% Fe (Lutgering & Williams, 2003). 
Alpha titanium is generally grouped into two distinct categories: CP-Ti and alpha titanium 
alloys. The distinction arises in the derivation of their respective strengths. CP-Ti does not 
derive its strength from the low solubility substitutional elements (Fe, Pd, Ru). In principle, all 
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of these materials are alpha titanium alloys but for ease of property discussion, a separation 
between these two categories is generally made (Lutgering & Williams, 2003). 
2.2.1.2 Elastic Properties 
The anisotropic characteristic of the HCP phase has large implications on the elastic properties 
of texture-free alpha titanium. The Young’s modulus, E, has been observed to vary as a result 
of stress application at various angles to the c-axis of the crystal. When applied parallel to the 
c-axis, the crystals exhibit a Young’s modulus of 145GPa. However, when applied 
perpendicularly, the observed value decreases to 100GPa. These variations in elasticity are 
highly dependent on the crystallographic texture of the materials and can be less pronounced in 
those with more intense textures (Lutgering & Williams, 2003). The modulus behaviour is 
exhibited in Fig. 3. 
 
Figure 3: Variation of Young's modulus with angle of stress application (Lutgering & Williams, 2003). 
Variations in temperature have also shown to affect the nature of the elastic properties in 
texture-free alpha titanium. An increase in temperature results in a linear decrease in the 
Young’s modulus until the beta-transus temperature is reached. The observed modulus was 
145GPa, eventually reducing to 58GPa. This indicates a decrease in the elasticity of the material 
as it shifts from the alpha to the beta phase (Lutgering & Williams, 2003).  
2.2.1.3 Application 
One of the major distinctions between this class of alloys and its other two counterparts (beta 
and alpha+beta) is that the mechanical properties are generally subordinate to its chemical and 
physical behaviour (i.e. corrosivity, weldability). This is because of their superiority in these 
properties in relation to other materials. As a result, CP-Ti is commonly used in the construction 
of chemical and petrochemical processing equipment, heat exchangers (Fig. 4) and other piping 
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technology. The other alpha titanium alloys are utilised in place of CP-Ti usually when greater 
mechanical properties are necessary to ensure structural integrity, whilst maintaining the 
desired standard of chemical behaviour (Lutgering & Williams, 2003). Table 2 displays the 
various alpha titanium alloys that have been commercialised in industry nowadays and their 
respective minimum yield stresses. 
Table 2: Chemical composition and minimum yield stress for commercial alpha titanium alloys (Lutgering & Williams, 
2003). 
Alpha Titanium Material Composition (wt.%) σ0.2 (MPa) 
CP Titanium 
Grade 1 
Grade 2 
Grade 3  
Grade 4  
 
0.20Fe, 0.18O  
0.30Fe, 0.25O 
0.30Fe. 0.35O 
0.50Fe, 0.40O 
 
170 
275 
380 
480 
Alpha Titanium Alloys 
Grade 12 
Grade 9 
Grade 18 
Grade 28 
Grade 6 
 
Ti-0.3Mo-0.9Ni 
Ti-3Al-2.5V 
Ti-3Al-2.5V-0.05Pd 
Ti-3Al-0.5V-0.1Ru 
Ti-5Al-2.5Sn 
 
345 
485 
485 
485 
795 
 
 
Figure 4: CP Titanium tubes used in the construction of a shell type heat exchanger (Lutgering & Williams, 2003). 
2.2.2 Beta Titanium Alloys 
2.2.2.1 Characterisation 
Beta titanium alloys are identified via their allotropic body-centred cubic lattice structure, as 
shown in Fig. 5. These alloys are unique from alpha + beta alloys in that they do not transform 
martensitically upon rapid cooling from the beta phase field. This has important consequences 
for the material’s microstructure during heat treatment. Upon cooling to room temperature, very 
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fine, coarse alpha platelets precipitate homogeneously within the beta phase (Fig. 6), thereby 
resulting in the elevation of the material’s yield stress to values in excess of 1200MPa. This is 
highly dissimilar to alpha + beta alloys, where under similar heat treatment procedures the 
average yield stress is obtained as 1000MPa (Lutgering & Williams, 2003). 
 
Figure 5: Beta phase body-centred cubic unit cell (Lutgering & Williams, 2003). 
 
Figure 6: Beta phase microstructure a) exhibition of the general grain arrangement b) observation of the fine precipitated 
alpha platelets. 
2.2.2.2 Elastic Properties 
The addition of beta-stabilising elements to alpha phase titanium shows a reduction in the elastic 
modulus of such materials. The modulus data for Ti-V (titanium vanadium) alloys is displayed 
in Fig. 7. The features of the modulus variation can be divided into three segments, 0-10% V, 
10-20% V and 20-50% V. Between 0-10% V there is a steep decline in the Young’s modulus 
from 115GPa to 70GPa. This is a typical feature of titanium alloys that are martensitically 
transformed through quenching procedures. From 10-20% V an uncharacteristic maximum 
(110GPa) is present at approximately 15% V, which then reduces down to 85GPa at 20% V 
 9 
 
composition. This can be related to the emergence of the athermal omega phase, resulting in 
the temporary transformation of the parent BCC crystals back to a HCP formation, consequently 
causing embrittlement and hardening. As more beta stabilising elements are added between 20-
50% V, a steady increase in the Young’s modulus occurs. The overall effect of altering the 
composition of an alpha titanium alloy to contain a larger composition of beta-stabilising 
elements can be seen as a reduction of the Young’s modulus (Lutgering & Williams, 2003). 
 
Figure 7: Young's modulus characteristics of Ti-V alloy. 
2.2.2.3 Application 
Combining the relatively lower elastic moduli to their high resistive capabilities against yield, 
beta phase titanium alloys have become a highly attractive alloy for use in many applications 
where high material flexibility and strength are a necessity. Such applications include implant 
structures in biomedical and dental prosthesis, landing gear structures in the aerospace industry 
(i.e. springs shown in Fig. 8) and sporting goods (i.e. golf club heads) (Lutgering & Williams, 
2003). Table 3 displays the various beta titanium alloys that have been commercialised in 
industry nowadays and their respective beta-transus temperatures. 
Table 3: Chemical composition and beta-transus temperatures of commercial beta titanium alloys (Lutgering & Williams, 
2003). 
Beta Titanium Material Composition (wt.%) TB(°C) 
Ti-6246 
Ti-17 
SP-700 
Beta-CEZ 
Ti-10-2-3 
Beta 21S 
Ti-6Al-2Sn-4Zr-6Mo 
Ti-5Al-2Sn-2Zr-4Mo-4Cr 
Ti-4.5Al-3V-2Mo-2Fe 
Ti-5Al-2Sn-2Cr-4Mo-4Zr-1Fe 
Ti-10V-2Fe-3Al 
Ti-15Mo-2.7Nb-3Al-0.2Si 
940 
890 
900 
890 
800 
810 
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Figure 8: Beta titanium alloys used in aircraft springs a, b and c (Lutgering & Williams, 2003). 
2.2.3 Alpha + Beta Titanium Alloys 
2.2.3.1 Characterisation 
Alpha + beta titanium alloys are characterised by their ability to martensitically transform from 
the beta to the alpha phase through quenching, unlike beta titanium alloys. Their composition 
consists of 4-6% of beta stabilisers with relatively similar amounts of alpha stabiliser. This 
enhances the material’s ability to retain the beta phase at room temperature, through this 
quenching procedure, from either the beta or alpha + beta phases (Lutgering & Williams, 2003). 
Within this group of alloys, there are three distinctly different types of microstructures that can 
be obtained through alterations of the associated thermo-mechanical processing routes: fully 
lamellar structures, fully equiaxed structures and bi-modal structures. Fully lamellar structures 
are obtained through applying an annealing treatment in the beta phase field of the processing 
route, hence deriving the alternate ‘beta-annealed’ name for this microstructure. To obtain the 
bi-modal structure, deformation, recrystallisation and annealing processes are all performed 
within the alpha + beta phase region. Finally, to achieve fully equiaxed microstructures, the 
same process, as performed for bi-modal microstructure, is undertaken up to the 
recrystallisation step. From here, if the cooling rate is lowered sufficiently, alpha lamellae 
growth within the beta grains will be impeded and only equiaxed primary alpha grains will 
grow (Lutgering & Williams, 2003). 
It is important to note that the cooling rate is a very important variable in determining the 
microstructural features. With higher cooling rates, the alpha phase grains decrease in size, 
hence resulting in reduced ductility and higher yield stresses. Figures 9 and 10 show the fully 
lamellar and bi-modal microstructure types and the effect that the cooling rate has on them. 
Figure 11 displays the fully equiaxed microstructure.  
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Figure 9: Effects of cooling rate on fully lamellar microstructure. a) 1°C/min b) 100°C/min c) 8000°C/min (Lutgering & 
Williams, 2003). 
 
Figure 10: Effects of cooling rate on bi-modal microstructure. a) slow cooling rate b) fast cooling rate (Lutgering & 
Williams, 2003). 
 
Figure 11: Fully equiaxed microstructure (Lutgering & Williams, 2003). 
2.2.3.2 Elastic Properties 
Due to the similar proportions of both alpha and beta stabilisers, alpha + beta titanium alloys 
possess elastic moduli between those observed in alpha titanium and beta titanium. Typical 
values for such alloys are located between 100-120GPa (Lutgering & Williams, 2003). 
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2.2.3.3 Application 
Alpha + beta titanium alloys are most commonly used in aerospace and biomedical applications 
due to their enhanced yield stress, high elasticity, fatigue strength and corrosion resistance in 
comparison to other competing materials. The most commonly utilised alpha + beta titanium 
alloy, Ti-6Al-4V, is used in the construction of internal aircraft structural parts as well as in fan 
and compressor blades (Fig. 12) where high oscillatory stresses are experienced. This is 
primarily a result of the advantageous nature of the relatively high fatigue crack resistance of 
the bi-modal microstructure. A variant of this alloy, Ti 6-Al-4V ELI is used extensively in the 
field of biomedical prosthesis due to its chemically resistant properties within the human body. 
Furthermore, it exhibits relative elastic similarity to cortical bone in comparison to other 
materials, with an elastic modulus between 110-120GPa (Lutgering & Williams, 2003). Table 
4 displays various commercial alpha + beta alloys, their respective compositions and beta-
transus temperatures. 
Table 4: Chemical composition and beta transus temperature of commercial alpha + beta alloys (Lutgering & Williams, 
2003). 
Beta Titanium Material Composition (wt.%) TB(°C) 
Ti-811 
IMI 685 
Ti-6-4 
Ti-6-4 ELI 
Ti-662 
Ti-8Al-1V-1Mo 
Ti-6Al-5Zr-0.5Mo-0.25Si 
Ti-6Al-4V (0.20O) 
Ti-6Al-4V (0.13O) 
Ti-6Al-6V-2Sn 
1040 
1020 
995 
975 
945 
 
 
Figure 12: Large Ti-6Al-4V steam turbine blades (Lutgering & Williams, 2003). 
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2.3 Development of Titanium Components (Focus on Powder Metallurgy) 
Titanium Alloys are predominantly developed from either die-casting or Powder Metallurgical 
(PM) methods. Die-casting methods involve the pre-melted mixture of the elemental 
constituents being injected into a die, followed by cooling to form a near-net shape part. The 
major advantage of die casting is its ability to achieve intricate and complex geometries that 
PM cannot. 
Powder Metallurgy encompasses the extraction and combination of different metallic powders 
(pulverisation) followed by their compaction and sintering, to form the desired metallic 
compound (Yolton & Froes, 2015). The primary advantage of implementing PM methods as 
opposed to casting is the ability to control porosity where it is required. Some applications 
where control of this parameter is highly desired is in biomedicine for orthopaedic and dental 
prosthetics, where porosity is directly linked with biocompatibility (Dargusch, 2015). The PM 
process is further elaborated on below. 
2.3.1 Powder Extraction 
Powder extraction describes the process via which the metallic element is extracted from the 
raw material source, in the form of a powder. The following describes the various methods of 
powder extraction.  
2.3.1.1 Gas Atomisation         
Molten metal, sitting idly in a furnace, is funnelled through a nozzle. At the end of this nozzle 
lie jets of high pressure inert gas which collide with the melt resulting in the rapid cooling and 
disintegration of the metal into small droplets. These droplets then fall through an enclosed 
evacuated space undergoing further cooling. The solidified droplets are then filtered through a 
cyclone separator until it is collected as spherical powders in a chamber at the bottom of the 
atomiser (Yolton & Froes, 2015). A diagram of the apparatus setup is displayed in Fig. 13. 
 
Figure 13: Gas atomisation process (Fortuna, 2009). 
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2.3.1.2 Plasma Atomisation          
A similar process to that of gas atomisation except, instead of inert gas jets causing the 
disintegration of the melt, arc plasma torches are used (Yolton & Froes, 2015). 
2.3.1.3 Plasma Rotating Electrode Process        
A consumable electrode of the desired metallic element is rotated at very high velocities in a 
helium-filled chamber. The tip of the electrode is melted by an arc created from a plasma torch, 
resulting in the weakening of metallic bonds. Paired with the centrifugal force, induced due to 
the high rotational velocity of the electrode, particles at the contact point between the plasma 
arc and the electrode are projected outwards towards the extremities of the chamber. These 
particles then cool to form spherical powders (Yolton & Froes, 2015). A diagram of the 
apparatus setup is displayed in Fig. 14. 
 
Figure 14: Plasma rotating electrode process (Colombo, 2000) 
2.3.1.3 Hydrogenation-Dehydrogenation (HDH) 
This process extracts titanium powder through manipulation of the brittle property of titanium-
hydride (TiH2). Firstly, pure titanium and hydrogen gas are reacted together in a furnace where 
brittle TiH2 is formed. The reaction enables hydrogen atoms to occupy the interstices within the 
lattice of the metal. The compound is then easily milled to produce powdered particles due to 
its brittle nature. Following powder formation, the particles are heated in a furnace up to a 
temperature of approximately 800°C where the interstitial hydrogen atoms can escape the 
microstructure, leaving pure titanium powder.  
2.3.2 Component Manufacturing 
In order to obtain the final alloyed product, the mixed powders undergo processes involving 
pressing (compaction) and sintering (interatomic bonding).  
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The purpose of pressing is to develop the preliminary shape that is desired and furthermore to 
assign its required minimum density. By applying higher pressure to press the powder mixture, 
more particles are forced into a smaller volume, resulting in a more compact metallic piece. 
This is associated with an increased density and hence reduced percentage porosity. In the same 
way, a powder mixture that has been compacted at a lower pressure results in a lower density 
and an increased percentage porosity. Figure 15 adequately portrays the compaction mechanism 
of the metal powders via this process.  
 
Figure 15: Pressing effects on metal powders (Singh, 2014) 
The sintering process is crucial to determining the mechanical properties observed from the 
final alloyed product. This is due to the potential for titanium to react with oxygen inside the 
sinter, forming a ceramic compound known as titanium oxide. The formation of this compound 
is highly likely to reduce the ductility of the final sintered product significantly, thereby 
developing a brittle material unsuitable for the intended application. Due to an increase in the 
spontaneity of titanium reacting with oxygen at elevated temperatures, the sintering process is 
usually performed inside a vacuum chamber or within an enclosure filled with an inert gas 
(typically argon). In order to account for the chance of oxygen contamination, pure titanium 
pieces are placed alongside the alloy samples to occupy the oxygen in a potential reaction that 
does not interrupt the alloy bonding process. Sintering of the alloyed compact involves the 
heating of the discrete powders in a furnace to chemically bond them into the desired solid 
form. The sintering process occurs in three phases. During the first, preliminary fusion is 
prevalent with necks (fused material at the contact of two particles) being formed between the 
particles, while they remain relatively separated. In the second phase, the majority of the 
densification takes place with the particles recrystallising and diffusing into one another. The 
third and final phase slows down the rate of densification with the remaining porosities taking 
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spheroidal shapes (Thummler & W, 1967). Each of these phases is observed at the microscopic 
level in Fig. 16. 
 
Figure 16: Sintering effects on microstructure (Singh, 2014). 
These pressing and sintering procedures can be conducted through multiple techniques, as 
described below. 
2.3.2.1 Mechanical Cold Die Pressing and Sintering  
This process involves the separation of pressing and sintering into two stages. Firstly, a die 
cavity is filled with a known volume of powder. Punches, in all entrances/exits of the toolset, 
are then pressed into the die to compact the powder via mechanical, electrical or hydraulic 
methods at the intended compression pressure (Allen, Leo, & Todd, 1994). Following 
compaction, the sample is sintered in a separate process within either an argon or vacuum 
environment. The die pressing sequence is depicted in Fig. 17. 
 
Figure 17: Mechanical cold die pressing method (Singh, 2014). 
2.3.2.2 Hot Isostatic Pressing (HIP)        
In this process, powders are loaded into metal moulds, which are then welded closed and 
evacuated to create an internal vacuum. These moulds are placed inside of a furnace, which is 
further enclosed by a cylindrical pressure vessel. An inert gas (typically argon) is propelled 
through the vessel at high pressures simultaneously with the heating of the furnace. This 
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combination of heat and pressure from all sides of the powder material aids in eliminating 
porosities that would otherwise be present in mechanical pressing methods, while maintaining 
the desired net shape. This results in an increase in material density (approximately 5-10% 
higher) and hence strength. Powders compacted via HIP processes rarely require further 
treatment i.e. sintering (Allen, Leo, & Todd, 1994). Figure 18 shows the application of heat and 
pressure in the HIP process. 
 
Figure 18: Hot isostatic pressing action (AZO Materials, 2011). 
2.3.2.3 Cold Isostatic Pressing (CIP)       
  
Similar to HIP, however with the elimination of the heating element. Thus, the only compacting 
mechanism present in this pressing method is via the flow of high pressure gases. The resulting 
solids exhibit greater mechanical properties than if they were to be compacted via die pressing 
methods, however being inferior to HIP processed solids. Generally sintering is still required 
to achieve the final desired product (Allen, Leo, & Todd, 1994). 
2.3.2.4 Metal Injection Moulding (MIM) 
In the MIM process, a ‘feedstock’ mixture is created from a combination of the desired metallic 
powders and primary and secondary thermoplastic polymers (generally wax and 
polypropylene). These polymers act as binders to keep the metal powders intact, forming a 
viscous mixture. This mixture is then injected into a mould cavity under high temperatures. The 
part created (now referred to as ‘green’) is cooled and submerged in solvent to remove the 
primary binding polymer. Once this initial de-binding process is complete the part is referred 
to as ‘brown’. Brown parts are then heated to just below their melting point in a sintering oven, 
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causing the secondary polymer binder to evaporate and chemically bond the fine metal powders 
as shown in Fig. 16. The resulting product is the finished component (Dynacast International, 
2015). The overall process is illustrated in Fig. 19. 
 
Figure 19: Metal Injection Moulding (MIM) process (Metal Powder Industries Federation, 2017) 
2.4 Titanium-Chromium Alloys in Biomedical Applications 
The currently adopted alloy in biomedical prosthetics is Ti-6Al-4V, a material which 
demonstrates greater mechanical properties than c.p. Ti. However, it lacks biocompatibility due 
to its inability to mimic the elastic properties of cortical bone (REF), paired with its potential 
to cause long term health problems for patients via realise of its toxic Vanadium ions (REF). 
Thus, further enquiry is being conducted to find an alternative non-toxic titanium-based alloy 
with more desirable characteristics. This thesis project focuses on the viability of one such alloy 
in Titanium-Chromium (Ti-Cr). 
Past literature has yielded many insights into the evolution of the research surrounding Ti-Cr 
alloys as being a potential alternative to the current adopted methodologies in the medical field, 
primarily through the exploration of the following four areas of study. In chronological order: 
1. The identification of low rigidity alloys as beneficial for bone matter restoration. 
2. The exploration of casted Ti-Cr alloys and their deformation behaviour for various 
compositions. 
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3. Research into locally customisable Young’s moduli for increasing demands from 
surgeons. Patients demand materials with low Youngs modulus while surgeons demand 
materials with high Young’s modulus. 
4. Enquiry into optimisation of customisable Young’s Moduli feature for Ti-Cr alloys. 
Niinomi’s research paper in 2003, ‘Recent research and development in titanium alloys for 
biomedical applications and healthcare goods’ (Niinomi, 2003), outlined an important feature 
for materials to enhance their biocompatibility as bone replacement tools. He proposed that by 
implanting materials with lower rigidity (and hence a low Young’s modulus with respect to the 
current adopted technology), the rate of bone restoration could be accelerated. Why this theory 
is valid is through an analysis of Wolff’s Law, which states that bone in a healthy person or 
animal will adapt to the loads under which it is placed (REF). Thus, for implant material with 
greater rigidity, in relation to cortical bone, more of the load will be transferred through the 
implant rather than the surrounding bone. By Wolff’s Law, this would result in the degradation 
of the bone matter, due to the lighter loads it is being subjected to. To test his hypothesis, 
Niinomi conducted an experiment where intramedullary rods, created from three different 
alloying elements, each possessing a unique Young’s modulus (measure of rigidity), were 
inserted into tibial fractures in rabbits. The subsequent bone restoration effects were measured 
over a period of 22 weeks with the outcomes suggesting a significant increase in bone 
restoration as the Young’s modulus of the implant material decreased between specimens at 
similar points in time. The results of the experiment are displayed in Fig. 20, showing the 
qualitative bone restoration effects of the respective implant materials. Overall, Niinomi’s work 
is of significant use to this thesis project as it explicitly suggests one of the objectives that is to 
be achieved, in order to assess the viability of the Ti-Cr compounds being developed for 
biological implantation; that is to obtain a low Young’s modulus, as close to that of cortical 
bone as possible. 
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Figure 20: Bone restoration effects of implant materials with varying Young's moduli. The material with the lowest modulus 
(Ti-29Nb-13Ta-4.6Zr) displayed the fastest rate of repair. The material with the highest modulus (SUS 316L) displayed the 
slowest rate of repair (Niinomi, 2003). 
A study, performed by academics at Da-Yeh University (Ho, Chiang, Wu, & Hsu, 2008), sought 
to evaluate the mechanical properties and deformation behaviour of Ti-Cr alloys. This was 
explored as part of an ongoing investigation into potential alloyed substitutes for the currently 
adopted Ti-6Al-4V composite. The experimental procedure consisted of three key processes: 
alloy preparation using a commercial arc-melting vacuum-pressure-type-casting system (for 
alloy compositions of 0, 5, 10, 20, 25 and 30wt.%), phase analysis with an x-ray diffractometer 
and mechanical testing using a desktop mechanical tester, performing three-point bending tests. 
The results of the experiment revealed that for varying compositions chromium, discrepancies 
were present in the observed Young’s Moduli, bending strengths and deformation behaviour. 
The most important results to note were that a composition of 20wt.% chromium yielded the 
highest bending strength of all tested compositions, no composition possessed a lower bending 
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modulus than that of c.p. Ti (105GPa being the lowest) and only c.p. Ti and Ti-20Cr exhibited 
any form of consistent ductile behaviour. With regards to the current investigation, the work 
conducted at Da-Yeh University is crucial as it reveals that a variation in chromium content 
does facilitate the presence of differing bending strengths, moduli and deformation behaviours, 
as shown in Fig. 21. The work therefore introduces the hypothesis that if the bending modulus 
varies then a similar pattern should succeed with the Young’s modulus. Furthermore, their 
approach to alloy formation via casting revealed an area for further experimental extension and 
motivated the powder metallurgical methods that are being undertaken in this project. 
 
Figure 21: Variation of bending modulus (a), bending strength (b) and deformation behaviour (c) in Ti-Cr alloys with 
varying chromium content (Ho, Chiang, Wu, & Hsu, 2008). 
Work conducted by Zhao et al. in their research paper ‘Optimisation of Cr content of metastable 
B-type Ti-Cr alloys with changeable Young’s modulus for spinal fixation applications’, in 
2012, delved further into optimising the mechanical properties of Ti-Cr alloys for biomedical 
application. The researchers sought to optimise the Cr content in Ti-Cr alloys that would meet 
the requirements of both patients and the surgeons operating on them. The demands were based 
on obtaining an alloy composition that would yield a Young’s modulus as low as possible, 
(a) (b) 
(c) 
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while also possessing the customisable capability to achieve a high modulus under the induction 
of deformation at room temperature. This was due to the need for low spring-back such that 
surgeons may be able to adequately handle and form the material within the small space 
provided, inside the bodies of patients. Akahori et al. reported that the ω phase was responsible 
for altering the mechanical properties of Ti alloys. Their work also stipulated the idea that the 
ω phase could be induced via deformation (Akahori, Niinomi, Fukui, Ogawa, & Toda, 2005). 
This was further supported in Niinomi’s work from 2003 where it was observed that the 
introduction of the w phase showed a spike in the associated Young’s modulus, despite this 
feature never being properly explored as its own investigation. The aim of this experiment was 
therefore to analyse how the Young’s modulus varied between compositions of 10, 11, 12, 13, 
14wt.% at local regions where deformation was induced, resulting in the presence of the ω 
phase. The experimental procedure consisted of preparing a series of Ti-xCr (x = 10, 11, 12, 
13, 14) via arc-melting in an argon atmosphere, followed by solution treatment and water 
quenching. One ingot from each composition was solution treated while the other was cold 
rolled in order to mimic the bending process. The outcomes of the experiment revealed that the 
composition with the greatest difference in Young’s modulus was Ti-12Cr, having exhibited a 
value of 68GPa prior to cold rolling and 85GPa after. The spring-back characteristic of this 
alloy was compared to that of Ti-29Nb-13Ta-4.6Zr (TNTZ), a promising candidate for use as 
a next-generation metallic biomaterial. The results further revealed that the spring-back of the 
Ti-12Cr alloy was considerably lower than TNTZ, therefore promoting itself as a more suitable 
candidate for spinal fixation applications. Figure 22 portrays the distinct differences in the 
Young’s moduli between materials having been worked and those that had not. Zhao et al.’s 
work is important to the current investigation as it eludes to the composition range for Ti-Cr 
alloys within which a low Young’s modulus can be achieved. Although this serves as an 
indication of what to expect, uncharacteristic results observed from this thesis project may result 
in an optimal composition outside of the bounds of where the deformation induced ω phase 
becomes apparent. This could have several implications, such as the need to critically evaluate 
how much emphasis should be given to the needs of surgeons at a compromise to patients. One 
such scenario could occur where the optimal composition was found to be above 15wt.% with 
a displayed Young’s modulus considerably lower than that observed via casting methods. In 
such a case, the patient is much more favoured as the lower Young’s modulus will further 
inhibit stress shielding effects after implantation, however the absence of any deformation 
induced ω phase could pose as a difficulty for surgeons during the implantation procedure. 
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Figure 22: Difference in Young's moduli between Col Rolled specimens (CR) and Solution Treatment specimens (ST). The 
greatest difference in modulus was observed at 12wt.% Cr (Zhao, et al., 2012). 
By analysing the recent advancements in this field, it can be ascertained that further research, 
namely by exploring the mechanical characteristics of PM prepared Ti-Cr alloys, is a 
worthwhile endeavour. The need to explore the effects of PM on the microstructure of these 
alloys is necessary as it may reveal properties different to those observed via the casting process. 
Depending on the results of the investigation more information will be available to critically 
evaluate the processes undertaken to produce Ti-Cr alloys for biomedical application and will 
count as another step towards the optimisation and subsequent improvement of the 
biocompatibility of the material. 
3.0 Experimental Procedure  
A list of all equipment used throughout the experiment is provided in Appendix A. The overall 
experimental procedure consisted of three stages. The first involved the construction of the 
alloyed samples via powder compaction and sintering, the second polished and chemically 
treated the samples for ease of microscopic observation and the third evaluated the mechanical 
properties of the samples through tensile testing. Each of these stages in the experimental 
process are described in chronological order below. 
3.1 Sample Development 
1. Six different weight compositions of chromium and titanium alloy were decided to be 
developed for testing. These were: 8.63%, 12.9%, 16.1%, 17%, 20%, 23%. The 
rationale, for selecting this composition range, was derived from past literature. It was 
revealed the optimal composition for Young’s modulus minimisation, without 
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compromising material strength, lay within a range from 5% to 30% chromium in 
titanium (Ho, Chiang, Wu, & Hsu, 2008). 
2. It was determined that four samples would be created for each of these compositions. 
This meant that for each composition, approximately 18g of combined powder was 
required. This was calculated from the maximal insertion capacity of the die press (4g) 
for each sample, while also allowing for sufficient powder to remain should any 
accidental spillages occur. 
3. For each of these compositions, Chromium and Titanium powder was weighed 
appropriately and stored together in an enclosed tub. 
4. The storage tubs were placed together in a cylindrical container and secured inside a 
three-dimensionally rotating mixer machine for 30 mins. 
5. Once the mixing had completed, 4g of each composition was weighed and cold-die 
pressed up to a compression pressure of 750MPa, yielding 6 samples, each in a 
compacted cylindrical form. 
6. Step 5 was repeated four more times, by the end of which 24 samples had been created, 
ready to be sintered. 
7. All samples were place in the sintering machine where they were heated up to a 
temperature of 1250°C for 3 hours. Samples of pure titanium were also placed inside 
the sintering chamber to absorb any excess oxygen that would otherwise have been 
absorbed by the Ti-Cr samples. Should excess oxygen have been present during the 
heating process, the properties of the alloyed samples would have been altered. 
3.2 Sample Treatment and Microstructural Observation 
1. One sample from each composition group was taken to the microscopy and chemical 
treatment labs to observe their respective microstructures. 
2. The appropriate blade piece was attached to the cutting machine and one of the samples 
was secured tightly in the holder. 
3. The cutting machine was then calibrated and set to cut for the length of the sample plus 
an additional 1mm, should the sample end up not being cut in half at the conclusion of 
the process. 
4. Steps 2 and 3 were repeated for the five remaining samples. 
5. Once cut, the samples were embedded in a black Bakelite polymer resin, for ease of 
polishing and subsequent microscopic analysis. This was achieved through placing the 
sample face down in one of the holders of the mounting press and funnelling 10mL of 
the resin into the holder, and then sealing the contents before turning the press on. 
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6. 5 minutes after turning the press on, the heating and solidification process had been 
completed and step 3 was repeated for all samples. 
7. All samples were then polished against various grades of Silicon Carbide grinding paper 
for 4 minutes each. These papers were applied in order of decreasing particle diameter 
(coarse to fine polishing): 320, 800, 1200, 4000. 
8. The samples were given a final polish by pipetting a Standard Silica Colloidal Solution 
every second for 10 minutes on the grinding plate. 
9. An etching procedure was applied to each sample using a 98%Nitric Acid/2%Ethanol 
solution, for a short period of time, until an immediate colour change had become 
noticeable on the surface. This indicated that adequate separation of the different 
microstructural phases had occurred and that any more exposure to the solution would 
result in other phases becoming present, hence preventing ease of phase identification. 
10. All samples were washed with methanol and dried using compressed air in preparation 
for microscopic analysis. 
11. Using the microscope, three photographs were taken at different locations on each 
sample at magnifications of 100x, 200x and 500x, yielding 54 photographs in total. 
12. The SEM was then used to determine the compositional features of each alloy. For each 
sample, a random location on the internal surface was analysed to obtain the average 
compositions of titanium and chromium within the sample. 
3.3 Mechanical Testing 
1. Two samples from each composition were taken to the mechanical testing laboratory 
where they were prepared for axial compression tests. The purpose of the second sample 
was to obtain verification of the observed data, should anomalies have occurred. 
2. The diameters of each sample were measured. Three measurements were taken in total, 
one at the centre and two at either end. The sample was painted with two white dots, 
which were to be used as indicators for the optical sensor to measure strain. 
3. The sample was loaded in the holding cavity and the compression machine was turned 
on. 
4. A plot of the applied stress vs. the resulting strain was obtained for the sample on the 
accompanying computer monitor. 
5. Steps 2-4 were repeated for the remaining five compositions. 
6. The Young’s modulus for each composition was obtained by finding the gradient of the 
elastic portion of the stress-strain curve and plotted on a graph of Young’s modulus vs. 
Composition of Cr. 
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7. Steps 2-6 were repeated for the second set of samples and comparisons were made 
between the resulting Young’s modulus plots for verification. 
3.4 Density Measurement 
1. One sample from each composition was weighed using the scale to determine their 
initial mass, prior to being submerged in KS7470 oil. 
2. The room temperature was recorded. 
3. All samples were then fully submerged in KS7470 oil inside an enclosed holding 
container. 
4. A vacuum pump was attached to the container and turned on to extract all air from inside 
it. This enabled the oil to fully dissociate inside each of the samples. 
5. This setup was left for a period of 30 minutes to ensure adequate dispersion of the oil 
through the samples. 
6. Once complete, the samples were taken out of the holding container and weighed again. 
7. The samples were then submerged in a solution of H-Galden and weighed appropriately. 
8. The results of the mass measurements were collated and compiled into an excel 
spreadsheet and the percentage density of each sample was subsequently determined. 
4.0 Results 
Section 4.0 displays the various results obtained from all three methods of experimentation, 
microstructure analysis, density measurements and mechanical testing. 
4.1 Microstructural Analysis 
Figures 23 and 24 show the obtained microstructures of all tested compositions, outlining 
specific visual characteristics that foreground their associated mechanical properties. These 
comprise of images obtained through both Optical and Scanning Electron Microscopic 
methods. The results of the Energy-Dispersive X-Ray Spectroscopy are also portrayed in Fig. 
25, with the compositional characteristics being shown in table 5. 
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4.1.1 Optical and Scanning Electron Microscopy 
 
 
  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
(i) (ii) 
(a) 
(i) (ii) 
(b) 
(i) (ii) 
(c) 
Figure 23: Microstructures x200mag (a) Ti-8.63Cr (b) Ti-12.9Cr (c) Ti-16.1Cr, (i) Optical Microscopy (ii) Scanning 
Electron Microscopy. 
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(i) (ii) 
(d) 
(i) (ii) 
(e) 
(i) (ii) 
(f) 
Figure 24: Microstructures x200mag (d) Ti-17Cr (e) Ti-20Cr (f) Ti-23Cr, (i) Optical Microscopy (ii) Scanning 
Electron Microscopy. 
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The observed microstructures revealed the emergence of alpha phase precipitating from within 
a matrix of beta phase. As the chromium content was increased between samples, the 
morphology of the alpha phase altered significantly from lamellar needle-like precipitates, with 
pointed ends, to a precipitate that incurred growth in multiple directions, forming spherical 
structures (Fig. 24 (f)). The increase in chromium content in the alloy compound further elicited 
a reduction in the amount of alpha phase precipitation. Figure 24 (d) is of significance as it 
displays the morphological transition between the needle-like alpha precipitate to the 
spherically shaped ones. Here, spherical alpha begins to grow along the grain boundaries while 
the alpha needles begin to shorten. In Fig. 24 (e), the alpha needles have shortened further 
indicating a much larger portion of the alpha precipitate has adopted the spherical form. 
4.1.2 Energy-Dispersive X-Ray Spectroscopy (EDS)  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
(a) (b) 
(c) (d) 
(e) (f) 
Figure 25: Energy Dispersive X-Ray Spectroscopy photographs (a) Ti-8.63Cr (b) Ti-12.9Cr (c) Ti-16.1Cr (d) Ti-17Cr (e) Ti-
20Cr (f) Ti-23Cr. 
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Table 5: Compositions of alloys according to Energy-Dispersive X-Ray Spectroscopy. 
 
 
 
 
 
 
 
 
 
 
Upon analysis of each sample using the EDS technique, it was evident that the precipitate alpha 
phase predominantly consisted of titanium. This is supported by the dispersion of chromium in 
the matrix (red), with absences being present exactly where alpha precipitate is located and 
greater concentrations being present in the beta matrix. Titanium is however dispersed equally 
between all phase due to there being no distinguishable features in its dispersion plot (blue) that 
would suggest larger concentrations in some regions over others. 
The tabular data expressing the weight fractions of chromium and titanium within each sample 
composition showed that a smaller fraction of chromium was present than was intended i.e. Ti-
8.63Cr possessed only 8.15% chromium. 
4.2 Density Measurements 
Table 6 displays the mass parameters of the samples in air, oil and H-Galden solution. The 
percentage densities of the samples were then calculated from these masses. The measured 
density of each sample was then expressed as a percentage of their respective theoretical 
densities to obtain an overall percentage sintered density. Appendix B further elaborates on how 
these values were calculated. 
 
 
 
Alloy Observed 
Composition 
Ti-8.63Cr 91.85% Ti 
8.15% Cr 
Ti-12.9Cr 88.69% Ti 
11.31% Cr 
Ti-16.1Cr 85.37% Ti 
14.63% Cr 
Ti-17Cr 84.41% Ti 
15.59% Cr 
Ti-20Cr 81.08% Ti 
18.92% Cr 
Ti-23Cr 77.22% Ti 
22.78% Cr 
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Table 6: Sintered density raw data. 
Sample 1 2 3 4 5 6 
Composition Ti-8.63Cr Ti-12.9Cr Ti-16.1Cr Ti-17Cr Ti-20Cr Ti-23Cr 
MAir (g) 4.3025 4.3035 4.2931 3.991 3.9187 3.9791 
MOil (g) 4.3046 4.3066 4.2997 3.994 3.9199 3.98 
MHG (g) 2.6623 2.6994 2.7132 2.5169 2.5016 2.5654 
       
Temperature (°C) 22 22 22 22 22 22 
HG Density (g/cm3) 1.6975 1.6975 1.6975 1.6975 1.6975 1.6975 
Oil Density (g/cm3) 0.885 0.885 0.885 0.885 0.885 0.885 
       
Measured Density (g/cm3) 4.4471 4.5453 4.5935 4.5865 4.6901 4.7749 
Theoretical Density 
(g/cm3) 4.6598 4.7387 4.7985 4.8161 4.8737 4.9326 
       
Sintered Density (%) 95.4357 95.9185 95.7272 95.2327 96.2332 96.8022 
 
The calculated percentage densities of all samples show adequate powder compaction. This is 
illustrated by the fact that less than 5% of each sample is porous.  
4.3 Mechanical Testing 
Table 7 exhibits the average diameters of the sample at two points (edge and centre) as well as 
before and after compression testing. The average diameters were calculated from three 
measurements, two at each edge and one at the centre. Appendix C more easily depicts the 
location of these measurements. Figure 26 shows the stress/strain curves of all tested samples 
with the associated Young’s moduli being tabulated in table 8. 
Table 7: Diameter measurements of alloys before and after mechanical testing. 
Alloy Average Edge 
Diameter (mm) 
Average Centre 
Diameter (mm) 
Average 
Diameter Before 
Loading (mm) 
Average 
Diameter After 
Loading (mm) 
Ti-8.63Cr 10.03 9.84 9.97 9.99 
Ti-12.9Cr 10.06 9.92 10.01 10.03 
Ti-16.1Cr 9.98 9.79 9.92 9.95 
Ti-17Cr 10.05 9.93 10.01 10.04 
Ti-20Cr 10.01 9.90 9.97 10.03 
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Figure 26: Compressive stress/strain curve of PM prepared Ti-Cr alloys. 
 
Table 8: Young's Moduli of PM prepared Ti-Cr alloys, compared to Ti-6Al-4V (bold). 
Alloy Young’s Modulus 
Ti-8.63Cr 106GPa 
Ti-12.9Cr 121GPa 
Ti-16.1Cr 100GPa 
Ti-17Cr 88GPa 
Ti-20Cr 95GPa 
Ti-23Cr 104GPa 
Ti-6Al-4V 110-120GPa 
 
Table 8 revealed that Ti-17Cr exhibited the lowest Young’s modulus value, thereby suggesting 
it to be the favourable alloy for minimising the stress-shielding effect. Furthermore, it’s 
relatively lower Young’s modulus value, in relation to Ti-6Al-4V ELI (110-120GPa), suggests 
greater elastic compatibility with that of cortical bone. However, as these values were obtained 
from only one compression test, for each alloy composition, the results may be deemed 
relatively inaccurate. Duplication or triplication of compression tests may therefore be 
necessary to achieve more reliable Young’s modulus data. 
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5.0 Discussion 
5.1 Microstructural Analysis 
The morphological transition from needle-like alpha precipitates to spherical structures was 
governed by the difference in the growth mechanisms of the alpha phase, between alloys of low 
and high chromium content. The presence of sharp alpha precipitate needles at lower chromium 
contents indicated that the growth of these precipitates was largely unimpeded, thereby being 
able to proceed in their preferred direction. At higher chromium concentrations however, 
spherical alpha precipitates formed due to the presence of dissolved chromium in the beta phase 
matrix, hence impeding free growth. As a result, the precipitates were forced to grow uniformly 
to form the observed spherical precipitates. Figure 25, from the EDS photography, supports this 
explanation due to the significantly depleted levels of chromium within regions where alpha 
phase had precipitated. This suggested that chromium had to be delocalised in the process of 
alpha phase precipitation. Thus, it can be reasoned that this transition of morphology was a 
result of restricted growth patterns caused by the supersaturation of chromium within the beta 
phase matrix. Additionally, the observed associated reduction in the precipitate alpha phase, in 
favour of the beta matrix with increasing chromium content, confirmed chromium’s beta phase 
stabilising ability. 
Despite the attainment of the expected microstructural characteristics, errors were nonetheless 
present from the etching methods undertaken during sample preparation. As the etching 
procedure took advantage of the different reaction rates of alpha and beta phases to the same 
etchant, it was important to ensure over-etching did not occur in the samples, to distinguish 
between these phases in the microstructure. Nonetheless, identification of adequate etching 
times was obtained purely via the visual judgement of the researcher. This method of 
measurement was inaccurate as it depended on a variety of subjective factors such as individual 
etching experience and visual competency. However, the SEM microstructures, which were 
less sensitive to the etching of samples, showed similar results to the optical microstructures, 
confirming the validity of judgment on microstructural characteristics between different alloys.  
An alternative method to tangibly identify the boundaries of etchant under and over-exposure 
is through periodic microstructural evaluation under a microscope. This method will 
incorporate samples being submerged in a known volume and concentration of etchant for a 
specified period of time, followed by adequate drying, thereby enabling consistent overall 
exposure of the etchant solution between all samples. Subsequently, the samples will then be 
viewed under a microscope to observe whether the etchant has adequately distinguished 
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between phases. By performing this method, a more extensive visual assessment of the etching 
effect can be obtained by refining the macroscopic viewing plane to the microscopic level, 
thereby increasing the researcher’s ability to judge successful application of the etchant. 
5.2 Density Measurements 
The density calculations revealed all samples were adequately compacted. This enabled the 
attainment of alloys exhibiting the highest levels of strength for their composition. Should 
significant porosities have been present in the sample structure, the succeeding Young’s 
modulus data would not have been the best indication as to the most favourable values that 
could be obtained, without compromising material strength. 
A measured density of 100% for each alloy was desired as this would have maximised the 
mechanical strength, for the given elemental constitution. However, the maximum that was 
obtained between all samples was 96.8022%. This meant that pores were always present from 
the sample development procedure, namely the compaction and sintering methods. Due to the 
use of spherical powder particles in compaction, gaps inevitably arose when particles were 
compacted together. Furthermore, despite the formation of necks between these particles 
through sintering, as the sintering method inherently restricts exceeding the melting 
temperature of the alloying compound, vacancies were still present. 
This error however is not of significant concern as the samples were compacted enough to 
adequately mimic the maximal mechanical properties of the alloy (>95% density). However, to 
further improve the density of these alloys and consequently obtain greater strengths, the 
compaction pressure and sintering temperature can both be increased. Performing these actions 
will result in further reduction in the space between powder particles during die compaction as 
well as increasing the volume of neck formation, respectively. It should however be noted that 
from the perspective of prosthetic implantation, the densest material will not necessarily be the 
most desirable. This is primarily due to the need for porosities in metal implants to enable bodily 
tissues such as blood vessels to form within them to ensure proper integration into the human 
body (Reis de Vasconcellos, Leite, Nascimento de Oliveira, Carvalho, & Cairo, 2010). 
5.3 Mechanical Testing 
As more chromium was added to the compound, the alloy was expected to exhibit lower 
Young’s modulus values due to a combination of two factors. The first was chromium’s ability 
as a beta stabiliser to retain greater proportions of the more elastic beta phase, at room 
temperature. The second was the observed microstructural features exhibiting a clear transition 
from needle-like to equiaxed alpha precipitate grains. One of the key reasons why such a 
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transition is coupled with a reduction in material elasticity is due to the needle-like phase 
possessing relatively greater interfacial energy between itself and the surrounding matrix. As 
greater interfacial energy corresponds with higher atomic bonding energies, the Young’s 
modulus is also expected to be higher in such instances. This is due to the Young’s modulus 
being a direct measure of interatomic energy (Shamberger, 2014). Up to 17wt.% chromium, the 
Young’s modulus did decrease, however more additions lead to increases, as is evidenced in 
table 8. This discrepancy was attributed to the formation of the intermediate Laves phases, C14, 
C15 and C36, beyond the alpha and beta that were being analysed. Such phases possess 
relatively greater mechanical properties, including Young’s modulus values, thereby 
accounting for this increase despite the retention of more beta phase at higher chromium 
concentrations (Murray, 1981). The laves phases are displayed in the equilibrium phase diagram 
of Ti-Cr in Fig. 27. 
 
Figure 27: Ti-Cr phase diagram displaying Laves phases C14, C15 and C36 
The sudden increase in the Young’s modulus at 12.9wt.% chromium was also an unexpected 
phenomenon, considering more beta phase was retained at this composition than at 8.63wt.%. 
However, this could be explained from the emergence of the athermal omega phase, which has 
been documented in past literature as a source for material hardening, stiffening and 
embrittlement (Ho, Chiang, Wu, & Hsu, 2008). The introduction of these intermediate phases 
was however difficult to identify due to limitations of the optical microscope being unable to 
magnify the samples to the size necessary for adequate observation. On the contrary, the lack 
of numerous repeated trials could also suggest that the data that was obtained may have been 
erroneous. This could suggest that the unexpected increases in Young’s modulus at 12.9 and 
17wt.% were anomalous and could be rectified through repeated trials being carried out. 
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The compression testing process was largely prone to error from sources including both sample 
preparation as well as the testing equipment. In terms of sample preparation, a contributing 
factor towards inconsistent data was due to the variances in geometry between samples. In order 
to obtain accurate strain data via compression testing, the surfaces subjected to the compression 
force, were required to be perpendicular with the direction of force application. This was to 
ensure homogenous deformation within the sample, where all locations could undergo the same 
rate of strain. Furthermore, reductions in the diameters of the cylindrical samples, along their 
height, indicated that the assumption of the samples adopting a purely cylindrical shape was 
inaccurate and could yield errors in the stress/strain distribution. Another facet of sample 
geometry that skewed the results was the increased average diameter of the sample, during the 
compression process. As the stress values were being calculated via the initial recorded 
diameter, any alteration in this parameter would also affect the calculated stresses. However, as 
deformation proceeded and sample diameters increased, the computer maintained the use of the 
initial diameter rather than accounting for these changes. This lead to greater stresses being 
observed than those which would be expected. 
The testing equipment was also susceptible to generating errors in strain data acquisition, 
primarily through the adopted strain measurement method, where a paint marker was used to 
indicate regions undergoing strain in the sample. This method was susceptible to yielding 
inconsistent strain data as the optical sensor did not focus on a single point of each paint mark 
but rather the entire mark itself. This was problematic in that the paint marker was not an 
instantaneously drying substance, meaning the motion observed by the optical extensometer 
was also attributed to paint fluidity as well as mechanical compression. 
In order to rectify these errors, various methods can be adopted that will enhance the 
consistency of samples produced, as well as the accuracy of the optical extensometer 
technology. One such method is through implementing the cutting machine (used to prepare 
the samples for microstructural analysis) to refine the surfaces of each sample, prior to 
compression testing. As the radial blade velocity and translational speed can be controlled, there 
is a greater possibility to obtain a precision cut. This is a more favourable alternative to sample 
refinement than the manual polishing methods that were adopted throughout the experimental 
procedure. Additionally, the accuracy of the extensometer measurements could be further 
improved by implementing a dryer sample marking scheme, such as the use of chalk. This will 
eliminate the possibility of independent paint motion introducing errors in the extensometer 
tracking mechanism. Furthermore, in order to adequately detect the composition at which the 
intermediate phases are introduced into the microstructure, transmission electron microscope 
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(TEM) technology is necessary. This will enable researchers to overcome the limitations of the 
optical and scanning electron microscope methods and thereby establish a more precise 
understanding of the microstructural morphology that can account for the observed Young’s 
modulus values. 
6.0 Recommendations for Future Work 
Undertaking this investigation has yielded important information regarding the elastic 
properties of various Ti-Cr alloys, namely in terms of the Young’s modulus. As such, this 
research can be used a basis for developing an alloy that minimises the common problem of the 
stress shielding effect in biomedical prosthesis. However, further alterations and additions can 
be made to the current methodology in order to improve the outcomes and give a more holistic 
understanding of the biocompatibility of these alloys for implantation in the human body. 
6.1 Application of Transmission Electron Microscopy (TEM) 
In order to obtain a more precise composition that will further optimise the Young’s modulus 
of Ti-Cr alloys, it is necessary to apply TEM methods as an additional form of microstructural 
analysis. This will enable the identification of smaller phases that cannot otherwise be seen by 
SEM or optical microscope technology. One of these is the athermal omega phase, responsible 
for morphological transitions to needle like grains, thereby causing decreases in elasticity (Koul 
& Breedis, 1970). The others are the intermediate Laves phases that are responsible for further 
increases in elasticity beyond a certain composition of chromium in titanium. The 
implementation of TEM technology will enable researchers to precisely identify compositions 
at which these phases are being introduced such that a microstructure void of these material 
stiffening phases can be achieved.  
6.2 Introduction of Controlled Porosity 
It is important to note that the alloys being tested are not necessarily going to possess densities 
close to 100% when implanted, as was one of the aims for this investigation. For adequate 
integration into the human body, it is necessary to introduce porosities into the alloy 
macrostructure due to the need for bodily tissues such as blood vessels, veins, neural pathways 
etc. to be formed in the implant region (Reis de Vasconcellos, Leite, Nascimento de Oliveira, 
Carvalho, & Cairo, 2010). Therefore, once the optimal composition of Ti-Cr alloy has been 
appropriately obtained, the next step in advancement is identifying the degree of porosity that 
will optimise the development of such tissue matter, without compromising the structural 
integrity of the material. One method of conducting such an experiment is to follow a similar 
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procedure adopted by Mitsuo Niinomi in his research into generic titanium alloys in biomedical 
prosthesis (Niinomi, 2003). This involves inserting implant materials into controlled tibial 
fractures in rabbits and observing the restorative features over a designated period of time. 
However, rather than varying the Young’s modulus of the material implanted, in this case, the 
porosity of the material will differ. By optimising both the Young’s modulus and the percentage 
porosity of the material, an adequate assessment of the biocompatibility of the material can be 
ascertained, in relation to the currently adopted materials in industry. This will enable 
researchers to converge upon an alloy design that can then be recommended to manufacturers 
in the prosthetic industry for further development and subsequent use by health practitioners. 
7.0 Conclusions 
In summary, this research investigation aimed to explore the viability of different compositions 
of Ti-Cr alloy in sufficiently inhibiting the stress-shielding effect, experienced in patients with 
bone implants. This was to be conducted via an analysis of the material’s Young’s modulus. It 
was observed that as the chromium content varied in the alloy compound, the morphology in 
the microstructure changed considerably. Namely, as more chromium was added to the alloy, 
the alpha phase underwent two transformations, an overall relative volume reduction (in 
relation to the elastic beta phase matrix) and a morphological transition from forming thin 
needle-like structures to equiaxed particles. These variations in precipitate volume and 
morphology advocated for gradual reductions in the Young’s modulus with increasing 
chromium content. Overall, the experimental data confirmed this phenomenon, however two 
unexpected results were obtained. Firstly, Ti-12.1Cr exhibited an uncharacteristically high 
value for the morphology that it’s microstructure displayed. Furthermore, beyond 17% 
chromium, the Young’s modulus also increased despite the observed microstructure illustrating 
a morphology that would be consistent with a lower Young’s modulus. Both of these anomalous 
phenomena were attributed to the presence of intermediate phases (athermal omega and Laves 
phases) which were too miniscule to be observed under an optical microscope. It was therefore 
recommended that TEM technology be implemented in the future to further improve the 
precision with which researchers could estimate the ideal chromium composition for 
minimising the Young’s modulus. Further work should also be conducted in determining the 
optimal porosity that would enable sufficient integration of these implant materials within a live 
organism. Overall, the aim of this thesis investigation was achieved with the optimal alloy 
composition, for minimisation of the Young’s modulus, determined to be Ti-17Cr, with its 
value of 88GPa being significantly lower than the currently adopted Ti-6Al-4V (110-120GPa). 
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The result of this research therefore proposes a promising outlook for the engineering of a 
titanium alloy variant that can compete with, and further enhance, the functionality of 
contemporary bone implant technology.  
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9.0 Appendices 
9.1 Appendix A: Equipment List 
The following is a list of all the equipment used throughout the experimental process. 
9.1.1 Sample Development 
 6x Spatula (one for each composition of powder) 
 Titanium Powder 
 Chromium Powder 
 Mechanical Cold-Die Press 
 Mixer 
 Steel Mixing Balls 
 Sintering Machine 
 Commercially-Pure Titanium Samples 
 Weighing Scale 
9.1.2 Sample Treatment and Microstructural Observation 
 Struers Cutting Machine 
 PolyFast Bakelite Resin 
 Funnel 
 10ml Spatula 
 Struers Polishing Machine 
 Struers Mounting Press 
 Silicon Carbide Grinding Paper (grades, 320, 800, 1200, 4000) 
 Standard Silica Colloidal Solution (OP-S) 
 98%Nitric Acid/2%Ethanol solution  
 Methanol 
 Scanning Electron Microscope (SEM) 
9.1.3 Mechanical Testing 
 Instron Mechanical Compression Testing Machine 
 100kN Load Cell 
9.1.4 Density Measurement 
 Weighing Scale 
 Vacuum Pump 
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 KS7470 Oil 
 H-Galden Solution 
9.2 Appendix B: Formulae for Density Calculations 
To determine the measured density of each sample, the following formula was used: 
𝜌𝑀𝑒𝑎𝑠𝑢𝑟𝑒𝑑 =
𝜌𝐻𝐺 ∙ 𝑀𝑎𝑠𝑠𝐴𝑖𝑟
𝑀𝑎𝑠𝑠𝑂𝑖𝑙 − 𝑀𝑎𝑠𝑠𝐻𝐺
 
Where,  
ΡHG=density of H-Galden solution 
MassAir= mass of sample in air 
MassOil=mass of sample in oil 
MassHG=mass of sample in H-Galden solution 
To determine the theoretical density of each sample, the following formula was used: 
𝜌𝑇ℎ𝑒𝑜𝑟𝑒𝑡𝑖𝑐𝑎𝑙 = (
𝑀𝑎𝑠𝑠 𝐹𝑟𝑎𝑐𝑡𝑖𝑜𝑛𝐶𝑟
𝜌𝐶𝑟
+
𝑀𝑎𝑠𝑠 𝐹𝑟𝑎𝑐𝑡𝑖𝑜𝑛𝑇𝑖
𝜌𝑇𝑖
)
−1
 
Where,  
ΡCr=density of chromium 
ΡTi=density of titanium 
Mass FractionCr=mass fraction of chromium in Ti-Cr alloy. 
Mass FractionTi=mass fraction of titanium in Ti-Cr alloy. 
9.2 Appendix C: Sample Diameter Measurements 
Figure 28 displays the regions where diameter measurements were taken prior to mechanical 
testing being undertaken. 
 
 
 
 
 
 
Figure 28: Regions of diameter measurement on samples. 
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